Cancer cells display an altered distribution of DNA methylation relative to normal cells. Certain tumor suppressor gene promoters are hypermethylated and transcriptionally inactivated, whereas repetitive DNA is hypomethylated and transcriptionally active. Little is understood about how the abnormal DNA methylation patterns of cancer cells are established and maintained. Here, we identify over 20 DNMT3B transcripts from many cancer cell lines and primary acute leukemia cells that contain aberrant splicing at the 5 0 end of the gene, encoding truncated proteins lacking the C-terminal catalytic domain. Many of these aberrant transcripts retain intron sequences. Although the aberrant transcripts represent a minority of the DNMT3B transcripts present, Western blot analysis demonstrates truncated DNMT3B isoforms in the nuclear protein extracts of cancer cells. To test if expression of a truncated DNMT3B protein could alter the DNA methylation patterns within cells, we expressed DNMT3B7, the most frequently expressed aberrant transcript, in 293 cells. DNMT3B7-expressing 293 cells have altered gene expression as identified by microarray analysis. Some of these changes in gene expression correlate with altered DNA methylation of corresponding CpG islands. These results suggest that truncated DNMT3B proteins could play a role in the abnormal distribution of DNA methylation found in cancer cells.
Introduction
Cytosine methylation and histone modifications play an important role in the transcriptional regulation of cellular genes (Robertson, 2005) . DNA is methylated at the 5-C position of cytosines that are part of CpG dinucleotides. In normal cells, repetitive DNA is highly methylated and transcriptionally silenced, effectively inactivating transposable elements that could mediate genomic rearrangements. Open chromatin associated with actively transcribed genes is hypomethylated. DNA methylation is used to control gene expression in a variety of normal cellular processes, including X chromosome inactivation, genomic imprinting and aging.
Cancer cells are characterized by abnormal patterns of DNA methylation (Robertson, 2005) . Repetitive DNA sequences are hypomethylated and transcriptionally active, and the altered chromatin structure of these regions is thought to contribute to the formation of some of the chromosomal rearrangements seen in cancer cells. Additionally, some gene promoters are hypermethylated in tumor cells, resulting in transcriptional silencing of tumor suppressor genes without accompanying inactivating mutations.
Three DNA methyltransferase (DNMT) enzymes have been identified in eukaryotic cells (Bestor, 2000; Rountree et al., 2001) . DNMT1 is generally considered to be a maintenance methylase, although it also has de novo methylase activity (Bestor, 2000; Robertson, 2002) . Both DNMT3A and DNMT3B catalyse de novo methylation of DNA sequences (Li, 2002) . Each of these three enzymes is essential for life, since homozygous knockout alleles of Dnmt1 and Dnmt3b cause embryonic lethality in mice, and mice with homozygous knockout alleles of Dnmt3a die several weeks after birth (Li et al., 1992; Okano et al., 1999) . Dnmt1À/À embryonic stem cells display extensive demethylation of endogenous retroviral DNA (Li et al., 1992) , and murine embryonic stem cells lacking Dnmt3b demonstrate hypomethylation of minor satellite sequences (Okano et al., 1999) . Patients with a rare autosomal recessive syndrome, the immunodeficiency, centromere instability, facial anomalies (ICF) syndrome, have germline mutations in the DNMT3B gene (Hansen et al., 1999; Xu et al., 1999; Shirohzu et al., 2002) , and lymphocytes from affected individuals display hypomethylation of repetitive DNA sequences. Furthermore, mice expressing Dnmt3b alleles similar to those found in ICF syndrome are small with abnormal craniofacial development and hypomethylation of repetitive elements, suggesting that these alleles encode hypomorphic proteins (Ueda et al., 2006) .
Numerous studies have implicated both DNMT1 and DNMT3B in the altered distribution of DNA methylation in cancer cells (Beaulieu et al., 2002; Robert et al., 2003) . A human colon cancer cell line, HCT116 deficient in DNMT1 following targeted recombination, demonstrates demethylation of pericentromeric satellite sequences (Rhee et al., 2000) , whereas HCT116 cells lacking both DNMT1 and DNMT3B contain demethylated satellite 2 and Alu repetitive sequences (Rhee et al., 2002) and demonstrate increased chromosomal instability (Karpf and Matsui, 2005) . Additional studies of the doubly targeted cells suggest that at least some histone modifications occur before alterations in DNA methylation (Bachman et al., 2003) . Mice expressing a hypomorphic Dnmt1 protein develop T-cell lymphomas , and when this deficiency is crossed into other tumor models, tumor incidence increases Yamada et al., 2005) . Dnmt3b deficiency inhibits the formation of macroadenomas in the murine Apc Min/ þ colon cancer model, indicating a requirement for Dnmt3b activity in the transition from microadenoma to tumor (Lin et al., 2006) .
Experiments designed to understand the mechanism by which cancer cells have altered patterns of DNA methylation have not yielded a simple explanation. Mutations of the DNMT genes are rare in cancer cells (Kanai et al., 2003) . Several groups have examined the expression of DNMT transcripts and have not found a correlation with DNA methylation levels in cancer cells (Robertson et al., 1999; Saito et al., 2002; Ehrlich et al., 2006) . However, expression of transcripts that originate from a promoter within intron 4, DDNMT3B1-7, correlates with the DNA methylation states of the p16 and RASSF1A promoters in non-small-cell lung cancers (Wang et al., 2006a) . Interestingly, several DNMT3B transcripts are predicted to encode proteins lacking critical parts of or the entire catalytic domain and therefore would produce catalytically inactive proteins: DNMT3B4 and DNMT3B5 encode proteins lacking the final two methyltransferase domains (Robertson et al., 1999) , and three of the recently described transcripts from non-small-cell lung cancers, DDNMT3B5-7, also encode truncated DNMT3B proteins (Wang et al., 2006a, b) .
To characterize the expression of the DNMT genes within cancer cells, we systematically amplified and sequenced the DNMT cDNAs from cancer cell lines. Here, we show that expression of abnormally spliced DNMT3B transcripts is common in cancer cell lines and in primary leukemia cells. We have identified over 20 aberrant DNMT3B transcripts from cancer cells, many of which contain intron sequences. Although only a minority of the DNMT3B transcripts in cancer cells displays aberrant transcription, truncated DNMT3B proteins are detectable in the nuclear protein extracts of cancer cell lines by Western blot analysis. To test if expression of a truncated DNMT3B protein can affect DNA methylation and gene expression, we engineered 293 cells to express the most frequently identified aberrant DNMT3B transcript, DNMT3B7. We identified genes whose expression level changed in the presence of DNMT3B7 using microarray-based expression profiling and showed that some gene expression changes correlate with altered DNA methylation of corresponding CpG islands. These results suggest that expression of truncated DNMT3B proteins could affect DNA methylation patterns and gene expression in cancer cells.
Results

Cancer cells express aberrant DNMT3B transcripts
To examine potential mechanisms for the abnormal patterns of DNA methylation in cancer cells, we amplified the cDNAs encoding the three DNMT enzymes from several cancer cell lines using a highfidelity polymerase. Although amplicons derived from the DNMT1 and DNMT3A cDNAs were wild type in sequence (data not shown), polymerase chain reaction (PCR) amplification of DNMT3B cDNA from exon 9 to exon 13 produced the two expected amplification products (products A and B in Figure 1a ) as well as an unexpected amplicon (product C in Figure 1a ). Sequence analysis demonstrated that this novel transcript contained an aberrant splicing event from exon 9 to the 3 0 end of intron 10, resulting in an insertion of 94 base pairs that is normally part of intron 10, located just 5 0 to exon 11. We have named this transcript DNMT3B7 (Genbank Accession Number DQ321787; Figure 1b ). To determine whether aberrant DNMT3B7 transcripts were expressed in cancer cell lines of diverse origins, we expanded our screen to include 25 established cancer cell lines derived from both hematopoietic malignancies (11 cell lines) as well as solid tumors (14 cell lines), and 30 primary acute leukemia samples (27 acute myeloid leukemia samples and three acute lymphoblastic leukemia samples) ( Table 1 and Supplementary Figure 1) . DNMT3B transcripts involving aberrant splicing events at the 5 0 end of the gene could be detected in all of the samples tested, except in HepG2 and Alexander cells, derived from hepatocellular carcinomas. Alexander cells are known to express DNMT3B4, which encodes a catalytically inactive DNMT3B isoform (Saito et al., 2002) . All of the primary leukemia samples expressed a transcript containing aberrant splicing between exons 9 and 13 as originally observed, confirming that the expression of these novel mRNAs was not due to an artifact of in vitro culture. Notably, there was expression of at least one of the three wild-type DNMT3B transcripts in all of the tumor cell line-derived cDNAs as well as in all of the primary leukemia samples, in keeping with previous data that complete loss of DNMT3B activity is incompatible with viability (Li et al., 1992; Okano et al., 1999) .
Most of the aberrantly spliced DNMT3B transcripts contain sequences that are normally intronic and lack various exons, and all of them encode truncated DNMT3B proteins containing novel amino acids but lacking the catalytic C terminus. Supplementary Table 1 lists the properties of each aberrant transcript. We noted alternative splicing of several 5 0 exons, including exon 5 (Xu et al., 1999) . The 5 0 half of each transcript could be amplified using a primer derived from exon 1A (data not shown), suggesting that the promoter originally identified for DNMT3B is used to generate the aberrant transcripts (Yanagisawa et al., 2002) .
To quantitate the levels of aberrant DNMT3B transcripts in cancer cells precisely, we performed quantitative reverse transcription PCR (QRT-PCR) of DNMT3B transcripts. Two assays were designed: the first assay assessed the levels of aberrant DNMT3B transcripts containing intron 10 sequences by placing the forward primer in exon 9, and the reverse primer and Taqman probe within the retained intron sequence. The second assay assessed total DNMT3B transcript levels, by placing the forward primer in exon 12, and the reverse primer and Taqman probe within exon 13, because neither exon 12 nor exon 13 is subject to alternative splicing. QRT-PCR of eight normal human tissues (Clontech, Mountain View, CA, USA, Stratagene, La Jolla, CA, USA) demonstrated no detectable aberrant DNMT3B transcripts, whereas 2-5% of DNMT3B transcripts in cancer cell lines derived from both solid and hematopoietic tumors contained intron 10 sequences (Table 2) .
Cancer cells express truncated DNMT3B proteins
Although aberrant transcripts represent a minority of DNMT3B transcripts, we next tested whether truncated DNMT3B proteins were detectable by Western blotting in protein extracts from cancer cells. All of the aberrant DNMT3B transcripts contain premature stop codons and are predicted to produce truncated DNMT3B proteins lacking the two strongest nuclear localization signals. Therefore, we tested both cytoplasmic and nuclear protein extracts from SK-BR-3 cells (a breast cancer cell line) and HeLa cells (a cervical cancer cell line). The full-length DNMT3B (96 kDa) as well as the truncated DNMT3B7 (40 kDa) protein were observed in the nuclear protein fractions by Western blot analysis using an N-terminal-specific anti-DNMT3B antibody (Figure 2a, upper panel) . The signals were competed away with the respective antigenic peptides for each of the antibodies tested ( Figure 2a , middle panel), confirming that the observed signals were DNMT3B-derived species. Similar results were obtained with two other anti-DNMT3B antibodies as well as nuclear protein extracts from MDA-MB-231 and K562 cells (data not shown).
To determine if low levels of a truncated DNMT3B protein could alter DNA methylation levels, we isolated 293 cells (human embryonic kidney cells) that stably express DNMT3B7 (Table 2 and cDNA was amplified from exon 9 to exon 13 in several cancer cell lines. DNA sizing is shown at the left. Product A is derived from a normal DNMT3B transcript that lacks exon 10, either DNMT3B2 or DNMT3B3. Product B is derived from DNMT3B1, which contains exon 10. Product C is an abnormally migrating species, the DNMT3B7 transcript. Amplification of the GAPD cDNA served as a loading control, demonstrating equal amounts of input cDNA from each cDNA source (bottom panel). (b) Alternative splicing of the DNMT3B gene. The protein-encoding exons of the DNMT3B gene are indicated at the top of the figure. Six major splice forms of the DNMT3B gene have been described, DNMT3B1-6. The exons contained in a particular transcript are shown in solid black rectangles. Exons excluded through alternative splicing are indicated by rectangular outlines. Premature translational stop codons are indicated by stop signs. The structure of the 5 0 ends of the DNMT3B4 and DNMT3B5 transcripts are not known (Robertson et al., 1999) . The most widely expressed aberrant DNMT3B transcript in cancer cells, DNMT3B7, is indicated in the middle of the figure. The retained intron sequence is indicated with a solid gray rectangle. The DDNMT3B1-4 transcripts identified recently in non-small-cell lung cancer differ from each other with respect to alternative splicing of exons 7 and 10 (numbering according to exons in DNMT3B1-3 transcripts), and DDNMT3B5-6 differ from each other with respect to alternative splicing of exon 7, indicated by hatched bars (Wang et al., 2006a, b) . 
Primary myeloid leukemias
With normal cytogenetics vector-transfected cells. We searched for genes whose expression levels differed statistically between the two DNMT3B7-expressing lines and the vector-transfected cells, but not between the two DNMT3B7-expressing lines themselves. Fifty-one genes fulfilled these criteria ( Figure 3 ): 27 genes were underexpressed in the DNMT3B7-expressing cells, and 24 genes were overexpressed. Interestingly, more than half of the genes whose expression changed are located on chromosomes 1, 16 and X, and 75% of the overexpressed genes are located on those chromosomes. We reasoned that at least some of the gene expression changes that we observed were likely to involve changes in DNA methylation of corresponding CpG islands. Genes whose expression decreased with DNMT3B7 expression would be expected to have increased CpG island/promoter methylation, whereas genes whose expression increased with DNMT3B7 expression would be expected to have less DNA methylation of their CpG islands/promoters. We isolated genomic DNA from Expression of a particular transcript within each sample is indicated by an X. The PCR conditions used to analyse these samples could not distinguish among the DNMT3B2, DNMT3B3, and DNMT3B6 transcripts. The DNMT3B7, -12 and -13 transcripts are also indistinguishable by this analysis. (Figure 4) . The E-cadherin (CDH1) gene is hypermethylated and transcriptionally repressed in gastric and breast cancers, myeloid malignancies, and other tumors (Cowin et al., 2005; Aggerholm et al., 2006; Chan, 2006) . We observed hypermethylation of the CDH1 CpG island (Figure 4a ), corresponding to a 2.19-fold decrease in gene expression (Figure 3) . One CpG dinucleotide (No. 2, Figure 4a) is contained within the known Sp1-binding site located closest to the gene's transcriptional start.
The X-linked MAGEA3 gene is hypomethylated and overexpressed in melanoma (Sigalotti et al., 2002) , and the methylation status of the regulatory regions of SH2D1A, the X-linked lymphoproliferative disease gene, correlates with tissue-specific expression (Parolini et al., 2003) . Hypomethylation of the CpG islands associated with the MAGEA3 and SH2D1A genes also correlated with increased expression, 2.54-and 3.05-fold, respectively (Figures 4b, d and 3 ). In addition, we observed hypomethylation of the CpG island of PLP2, a gene located at Xp11.2, which exhibited 2.85-fold increased expression in DNMT3B7-expressing cells (Figures 4c and 3) . Interestingly, most of the DNA methylation changes were located in the part of the CpG island just 5 0 to the transcriptional start site of the gene, but there was also some demethylation that extended well past the gene's translational start. We confirmed that increased gene expression from the X chromosome occurred from the active X chromosome, rather than from re-activation of gene expression from the inactive X chromosomes, using an informative SNP in the X-linked MID1 gene in 293 cells (a T/C allele at position 10247528; SNP rs16986145) (data not shown).
Discussion
In this paper, we demonstrate that cancer cells express numerous aberrant splice variants of the DNMT3B gene, all of which are predicted to encode truncated proteins lacking the catalytic C-terminus. Western blotting of cancer cell extracts demonstrates that truncated DNMT3B proteins are present in nuclear protein extracts, despite low levels of aberrant DNMT3B transcripts. When expressed in 293 cells, DNMT3B7, the most frequently observed truncated protein, causes altered gene expression with corresponding changes in the DNA methylation states of several CpG islands. These findings suggest that truncated DNMT3B proteins could influence the DNA methylation state of cancer cells. Our extensive analysis of 25 cancer cell lines indicates that aberrant DNMT3B transcription is extremely widespread in cancer. The only tumor type in which we did not observe novel DNMT3B transcripts was hepatocellular carcinoma. Interestingly, Alexander cells, derived from hepatocellular carcinomas, are known to express DNMT3B4, which encodes a catalytically inactive DNMT3B isoform (Saito et al., 2002) . Furthermore, recently described transcripts from non-small-cell lung cancers, DDNMT3B5-7, are also predicted to encode truncated DNMT3B proteins lacking the catalytic domain (Wang et al., 2006a, b) . Therefore, it appears that many cancer cells express full-length DNMT3B catalytically active proteins as well as truncated DNMT3B proteins that are predicted to be catalytically inactive.
We used microarray analysis to indicate which genes showed altered transcription in DNMT3B7-expressing cells, and some of these changes in gene expression correlated with DNA methylation of corresponding CpG islands. Almost all of the changes in DNA methylation levels were stronger in the 293 cells that expressed higher DNMT3B7 levels (line 2), suggesting that subtle changes in levels of catalytically inactive DNMT3B proteins could have significant effects in cells over the many generations of cell divisions that occur during tumor formation and growth.
Our studies show that the most common of the truncated proteins, DNMT3B7, is concentrated in the nucleus, suggesting that the nucleus is the major site of its activity. DNMT3B7 may localize to the nucleus via Figure 3 Gene expression changes in DNMT3B7-expressing 293 cells. A heat map shows the 51 genes whose expression changed with DNMT3B7 expression (red, overexpression; blue, underexpression). Four samples of vector-transfected cells were compared to three samples each of DNMT3B7-expressing cells, and the average-fold change for each probe is listed. Gene names are in bold for the genes whose expression changes were validated by semiquantitative RT-PCR (data not shown). The chromosomal locus of each gene is given at the right, and the genes located on chromosomes 1, 9 and 16, and the X chromosome are indicated by highlighting. Some genes (e.g., PRKCB1 and MID1) are listed more than once in the figure, because the microarray contained multiple probes for these genes. the retention of one weak nuclear localization signal or via binding to a protein that could shuttle it into the nucleus. We can envision several models by which DNMT3B7 could affect DNA methylation, and consequently, gene expression: (i) DNMT3B7 may interfere with the normal DNA methylation machinery by binding one or more of the known DNMT3B binding partners. Several proteins have been shown to bind DNMT3B, including SUMO-1 and UBC-9, two components of the sumoylation pathway (Kang et al., 2001 ); h-CAP-C and hCAP-E, two components of the condensin complex; KIF4A, a chromokinesin homolog; hSNF2H, an ATP-dependent chromatin remodeling enzyme; HDAC1, a histone deacetylase; and SIN3A, a transcriptional corepressor (Geiman et al., 2004a) . DNMT3B is also known to interact with HDAC2 (Geiman et al., 2004b) and DNMT1 (Kim et al., 2002) , although the precise binding regions have not been defined. In addition, the PHD domain of murine Dnmt3b, which is located in the N-terminus, mediates binding to Suv39h1 and HP1 proteins, both of which are components of the histone methylation machinery (Geiman et al., 2004b) . (ii) DNMT3B7 may bind DNA directly and affect the activity of active DNMTs. (iii) DNMT3B7 may affect DNA methylation as outlined above, which could in turn lead to alterations in histone modifications. Mice lacking histone H1 showed alterations in DNA methylation levels and consequent gene expression changes in relatively few genes, often in imprinted genes or genes located on the X chromosome (Fan et al., 2005) . In addition, histone H3 and H4 acetylation levels increased after patients received 5-azacytidine, a global hypomethylating agent (Gore et al., 2006) .
Interestingly, the genes that were overexpressed in DNMT3B7-expressing cells were over-represented on chromosomes 1, 16 and X. Cells from patients with ICF Syndrome contain dramatically hypomethylated repetitive DNA sequences of the satellite 2 repeats concentrated at the pericentromeric regions of chromosomes 1 and 16 and of the satellite 3 repeats found near the centromere of chromosome 9 (Ehrlich, 2003) as well as hypomethylation of the LINE-1 elements located on the inactive X chromosome (Hansen, 2003) . We did not observe significant hypomethylation of repetitive elements in our DNMT3B7-expressing 293 cells, possibly because they have relatively undermethylated repetitive sequences at baseline (data not shown).
Aberrant processing of mRNAs in tumor cells has been described for the MDM2, RasGRP4, SLP-65, TLE1, TLE4, MTA1 and CD44 genes and is emerging as an important characteristic of tumor cells (Bartel et al., 2002; Kumar et al., 2002; Reuther et al., 2002; Yang et al., 2002; Jumaa et al., 2003; Venables, 2004; Watermann et al., 2006) and is observed in other diseases, such as myotonic dystrophy (Charlet-B et al., 2002) . In aberrant splicing, portions of exons, portions of introns or both are retained within transcripts that fail to be purged by the cellular pathways designed to scavenge abnormal mRNAs, such as nonsense-mediated decay (Culbertson, 1999; Wilkinson and Shyu, 2002) . Often, the aberrant mRNAs produce truncated proteins that in some cases allow them to function in a dominantnegative manner. The aberrant transcripts do not represent intermediates of the normal splicing reaction, because they are found in the cytoplasm and are translated. The cellular abnormalities that lead to aberrant mRNA processing and possible defects in nonsense-mediated decay are not clear, but represent an exciting opportunity for future studies.
In summary, our paper is the first to demonstrate that a wide variety of cancer cells exhibit aberrant splicing of the DNMT3B gene, producing transcripts that encode truncated proteins lacking the C-terminal catalytic domain. Our data support a model in which aberrations in mRNA splicing in cancer cells give rise to truncated DNMT3B proteins, resulting in changes in DNA methylation patterns and gene expression. These results suggest that the abnormal patterns of DNA methylation present in nearly all cancer cells may be regulated in part by the presence of catalytically inactive DNMT3B proteins. Further work in which levels of aberrant DNMT3B transcripts and/or truncated DNMT3B proteins are varied within cancer cells may help to confirm this model. Future experiments could also address whether truncated DNMT3B proteins affect epigenetic modifications in addition to DNA methylation, such as histone alterations. Overall, our work supports growing evidence that aberrant gene splicing in cancer cells affects cellular phenotype.
Materials and methods
Cell lines and primary acute leukemia cell samples Hematopoietic cell lines were grown in RPMI1640, 10 mM HEPES, 10% fetal bovine serum and 100 U/ml penicillin/ 100 mg/ml streptomycin. Adherent cell lines were grown in the recommended media. Viable primary acute leukemia cells were cryopreserved in liquid nitrogen after patients gave informed consent to participate in an IRB-approved research protocol.
Reverse transcription, PCR amplification and sequencing Viable primary leukemia cells were isolated by Ficoll density centrifugation. Total RNA was made using STAT-60 (Tel-Test Inc., Friendswood, TX, USA) or Trizol (Invitrogen, Carlsbad, CA, USA), and reverse transcription was performed using SuperScriptII (Invitrogen). PCR amplifications were performed as described in the Supplementary Information.
Construction of DNMT3B7 expression plasmid
To construct the DNMT3B7 expression plasmid, the DNMT3B7 cDNA was amplified from Raji cells, ligated into pcDNA3.1 þ (Invitrogen), and sequenced.
Stable transfections in cultured cells
Transfections were performed using 2 mg of the desired plasmid and Effectamine (Qiagen, Valencia, CA, USA). Stable transfectants were selected by adding 400 mg/ml G418 (Invitrogen) to the media 48 h after transfection and picked after reculturing for 3 weeks.
Western blotting
Protein extracts were made 48 h after transfection, separated by SDS-PAGE electrophoresis and transferred to nitrocellulose. Western blotting was performed as described in the Supplementary Information.
Sodium bisulfite treatment and PCR amplification Genomic DNA was treated with sodium bisulfite (Clark et al., 1994) , and PCR amplifications were performed as described in the Supplementary Information.
Microarray analysis
Cells from at least five plates were combined and used to collect total RNA using STAT-60 (Tel-Test Inc.), followed by RNeasy Mini column purification (Qiagen). In collaboration with the University of Chicago Functional Genomics Facility, each RNA sample was split into at least three samples, and microarray analysis was performed as described in the Supplementary Information.
